ABSTRACT
INTRODUCTION
Planar electromagnetic simulators rely on the method of moments (MoM) [1] to discretize and solve Maxwell's equations for planar circuits embedded in a multilayered medium. These simulators are traditionally being used to model the distributed coupling and radiation effects of microwave integrated circuit and planar antenna structures. Most planar electromagnetic simulators use a mesh of rectangular and/or triangular cells to discretize the currents on the planar structures. The current distribution is modeled with the so-called rooftop functions [2] allowing for a piecewise linear current distribution. At microwave and millimeter wave frequencies, the size and number of cells in the mesh is mainly determined by the electrical wavelength of the signals. Typically, at least 10 linear subdivisions per wavelength are needed to obtain accurate results.
For complex geometrical structures, the performance of the planar EM technology is limited by the mesh generation process. Using only rectangular and triangular cells strongly limits the ability of the mesh maker to create efficient meshes with a low number of high quality cells. This results in a mesh with a cell density mainly determined by the geometrical detail and less by the electrical wavelength. As a result, the required computer time and memory resources can be very high. In this paper, we introduce a new mesh reduction technology that greatly enhances the efficiency of the electromagnetic simulation. The mesh reduction results in a generalized mesh with polygonal shaped cells in which cell density is mainly determined by the electrical wavelength and no longer by the geometrical detail of the structure.
PLANAR ELECTROMAGNETIC TECHNOLOGY
The method of moments discretization and solution process for planar structures is illustrated in figure 1 . The metallization patterns are meshed using rectangular and triangular cells ( figure 1(a) ). Maxwell's equations are translated into integral equations by applying the boundary conditions on the planar structures. The surface currents are modeled with rooftop basis functions defined over the rectangular and triangular cells ( figure 1(b) ). The boundary conditions are imposed by applying the Galerkin testing procedure. This results in discrete interaction matrix equation. The solution of this matrix equation yields the expansion coefficients for the unknown surface currents.
The interaction matrix equation can be represented by an equivalent network model ( figure 1(c) ). In this network, the nodes correspond to the cells in the mesh and hold the cell charges. Each cell corresponds to a frequency dependent capacitor to the ground representing the electric self coupling of the associated charge basis function. All nodes are connected with branches which carry the current flowing through the edges of the cells. Each branch has a frequency dependent inductor representing the magnetic self coupling of the associated current basis function. The MoM interaction matrix equation follows from applying Kirchoff voltage laws in the equivalent network. The inductor branch currents in the network follow from the solution of this matrix equation. Finally, solving the equivalent network for a number of independent excitation states allows to derive an electromagnetic based S-parameter model ( figure 1(d) ). Figure 1 . Method of moments discretization of the surface currents using rooftop basis functions and equivalent network representation.
MESH REDUCTION
The efficiency of the electromagnetic solution process depends strongly on the density and quality of the mesh. When simulating complex geometrical structures at RF frequencies, the meshing with rectangles and triangles leads to a much higher number of cells than needed by the wavelength criterium. This makes the electromagnetic simulators less attractive for simulating complex interconnect structures as the computer memory and time requirements are prohibitive high.
The efficiency of the discretization is strongly improved when the restriction imposed by the use of rectangular and triangular cells is removed. This is realized by applying the concept of mesh reduction.
Starting from an initial mesh of rectangular and triangular cells, a reduced mesh is constructed by merging two or more adjacent cells. This results in a mesh with a lower number of polygonal shaped cells. The mesh reduction step can be repeated up to the level in which each disconnected metallization pattern is represented by only one "generalized" cell. With each reduced mesh an electromagnetic equivalent circuit can be built and solved. The mesh reduction process is illustrated in figure 2 .
The calculation of the inductive and capacitive interactions in the generalized mesh relies on the definition of generalized basis functions for polygonal shaped cells ( figure 3 ). These polygonal shaped functions are used as the basis functions in the method of moments discretization on the generalized mesh. They are the natural extension of the classical rectangular and triangular rooftop functions. Figure 3 shows the arrow plots for some generalized basis functions. We refer to another paper [3] for more details on these generalized polygonal basis functions.
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CONCLUSION
In this paper we introduce a new mesh reduction technology to eliminate the redundancy in the electromagnetic equations for complex geometrical structures. This results in a significant performance increase in the electromagnetic modelling of complex package interconnects as illustrated in the numerical example.
